Current understanding suggests that there are two different mechanisms by which otoacoustic emissions (OAEs) are generated in the cochlea. These mechanisms include a nonlinear-distortion mechanism and a coherent-reflection mechanism. Distortion product OAEs (DPOAEs) are believed to include contributions from both mechanisms, while stimulus frequency OAEs (SFOAES), at least at low and moderate levels, are believed to be generated primarily by the coherent-reflection mechanism. In the case of DPOAEs, the interaction of the two mechanisms produces a series of alternating peaks and valleys in the response level when recorded in small frequency increments. This pattern of peaks and valleys typically is referred to as fine structure. There has been much speculation that the interaction of the two mechanisms and the resulting fine structure limits the clinical test performance of DPOAEs. There are few data to address this speculation. Here, we review the literature that describes the cochlear source mechanisms and their potential relationship to clinical applications. We then present results for preliminary data collected in a group of 10 normal-hearing subjects where we explore the influence of common approaches to setting DPOAE stimulus parameters on the resulting fine structure. These preliminary results suggest that, at the moderate stimulus levels used in clinical applications, each of the different stimulus parameters results in a similar amount of fine structure and, therefore, fine structure cannot be eliminated through manipulation of stimulus parameters. We also review the results of some preliminary efforts to identify stimulus parameters that can be used to record SFOAEs (OAEs generated by the reflection mechanism). The potential clinical applications of SFOAEs have received little attention in the literature. By identifying stimulus parameters producing robust responses in normal-hearing ears, it may be possible to more fully evaluate clinical applications of SFOAEs.
COCHLEAR SOURCES
O toacoustic emissions (OAEs) are widely used in clinical audiology as a screening technique for identifying hearing loss in infants, young children, and other difficult-to-test populations. Current evidence suggests that OAEs are highly accurate at discriminating between ears with normal hearing and ears with severe to profound hearing loss but may fail to identify as many as 50% of ears with mild hearing loss Norton et al, 2000; Gorga et al, 2005; White et al, 2005) . It remains difficult to choose screening protocols that correctly distinguish between ears with mild hearing losses and ears with normal hearing. There may be many factors that contribute to these errors. One potential reason that has received attention recently is related to the manner in which OAEs are generated in the cochlea.
OAEs typically are associated with the type of stimulus used to evoke the response: a transient stimulus (typically a click) in the case of transient-evoked OAEs (TEOAEs), two tones with slightly different frequencies (f 1 , f 2 ; f 2 . f 1 ) in the case of distortion product OAEs (DPOAEs), or a single tone (f p ) in the case of stimulus frequency OAEs (SFOAEs). There may be some value in considering how the various types of OAEs are produced in the cochlea. Current thinking suggests that there are two fundamentally different mechanisms by which OAEs are generated in the cochlea, a nonlinear-distortion mechanism and a coherent-reflection mechanism (e.g., Shera and Guinan, 1999; Shera, 2004) . As the name implies, OAEs arising from the nonlinear-distortion mechanism are a direct consequence of the nonlinear behavior of outer hair cells and the distortion that is associated with these nonlinearities. OAEs arising from the coherent-reflection mechanism, in contrast, are generated through a different process that does not depend on nonlinearity. These OAEs are thought to arise through the reflection of energy off impedance perturbations along the length of the cochlea. Although the exact nature of these perturbations has not been precisely defined, possible candidates include variability in hair cell numbers and arrangement (e.g., Lonsbury-Martin et al, 1988) or variability in forces generated by outer hair cells (Shera, 2004) . It should be noted that, although coherent reflections arise through a primarily linear process, the level of OAEs generated by the coherent-reflection mechanism may grow nonlinearly through the level-dependent amplification provided by the outer hair cells. The reader is referred to Shera and Guinan (1999, 2008) and Shera (2004) for a more comprehensive discussion of the nonlineardistortion and coherent-reflection mechanisms.
As typically recorded in the ear canal, DPOAEs include contributions from both mechanisms through two sources, the distortion source and the reflection source (Talmadge et al, 1998 (Talmadge et al, , 1999 Mauermann et al, 1999a; Shera and Guinan, 1999; Stover et al, 1999; Konrad-Martin et al, 2001; Konrad-Martin et al, 2002) . TEOAEs are believed to primarily include contributions from the coherent-reflection mechanism (Shera and Guinan, 1999; Kalluri and Shera, 2007b) , although some data suggest that the nonlinear-distortion mechanism may also contribute (see, e.g., Yates and Withnell, 1999) . The mechanism responsible for SFOAE generation may vary with stimulus level. At low to moderate stimulus levels (#60 dB SPL) the coherent-reflection mechanism appears to dominate the response (Shera and Guinan,1999; Talmadgeetal,2000; KalluriandShera, 2001; Goodman et al, 2003; Shera, 2004; Schairer et al, 2006) , and we will consider low-to moderate-stimulus-level SFOAEs to be primarily reflection-source emissions.
One important feature of the different OAE-generation mechanisms is that their phase behavior differs. As stimulus frequency is varied, the phase of the response arising from the coherent-reflection mechanism rotates rapidly, while the phase of the response arising from the nonlinear-distortion mechanism rotates slowly with frequency (Kemp and Brown, 1983; Zweig and Shera, 1995; Shera and Guinan, 1999; Shera, 2004; Schairer et al, 2006) . Response phase typically is not evaluated in clinical applications; however, as we will discuss further below, the differences in the phase behavior for the distortion and reflection components in the DPOAE response may influence the level of the DPOAE recorded in the ear canal.
In the case of DPOAEs, the distortion-source and reflection-source components are generated at different locations along the basilar membrane. The distortionsource component arises from a location near the f 2 place where the DPOAE response (which has a frequency of 2f 1 -f 2 ) is generated, while the reflection-source component is generated near the 2f 1 -f 2 characteristic place. Both places and both source mechanisms contribute to the DPOAE measured in the ear canal. The contribution of two sources arising from different places along the length of the cochlea may introduce variability into the response for subjects where cochlear health is not constant along the length of the basilar membrane. For example, Mauermann and colleagues (1999b) demonstrated that the contribution of the reflection-source component is absent whenever there is hearing loss at the 2f 1 -f 2 frequency, while the contribution from the distortion-source component may be observed even in cases of mild hearing loss. Additionally, because of the differences in the phase behavior of the two mechanisms, their interaction will alternate between constructive and destructive interference. As a consequence, DPOAE responses show quasi-periodic peaks and valleys in level when the response is recorded with small frequency steps. This variation in the response level (alternating peaks and valleys) is frequently referred to as fine structure. An example of DPOAE fine structure is plotted in Figure 1 . These data were recorded in 1/3-octave intervals surrounding f 2 5 2 kHz (left panel) and 4 kHz (right panel). Within each panel the thick lines near the top and middle of the panel represent the DPOAE levels recorded as f 2 was varied in 1/64-octave steps and f 2 /f 1 was fixed at 1.22. DPOAE responses were recorded with the level of f 2 (L 2 ) set at either 55 or 30 dB SPL, indicated by decreasing line thickness. For both L 2 's, the level of f 1 (L 1 ) was set 10 dB above L 2 . The thin lines near the bottom of each panel represent the noise floor.
COCHLEAR SOURCE CONTRIBUTION AND DPOAE TEST PERFORMANCE
A number of investigators have speculated that the multiple cochlear sources contributing to the DPOAE, and the fine structure that results, produce errors in the clinical applications of DPOAEs (e.g., Heitmann et al, 1996; Heitmann et al, 1998; Shera and Guinan, 1999; Shaffer et al, 2003; Dhar and Shaffer, 2004; Mauermann and Kollmeier, 2004; Shera, 2004) . The possibility of errors may be understood by considering that adjacent peaks and valleys (separated by only a few hertz) may differ in level by 20 dB or more. This observation can be seen in Figure 1 and has been reported previously (He and Schmiedt, 1993; Mauermann et al, 1999a; Johnson et al, 2006b ). Differences as large as 20 dB are more commonly observed at stimulus levels lower than those used in most clinical applications. Fluctuations in the range of 5 to 10 dB may be observed in some ears for the moderate stimulus levels (L 2 approximately 55 dB SPL) used in clinical applications (see Fig. 1 ; Dhar and Shaffer, 2004; Johnson et al, 2006b) . If the fine-structure pattern in a normal-hearing ear produces a valley at a test frequency, it is possible that the ear will be incorrectly identified as hearing impaired (a false-positive). While fine structure shows an orderly periodicity within an ear, the frequencies at which the fine structure peaks and valleys occur are essentially randomly distributed across ears, making it impossible to know in advance if a given response arises from a peak or a valley in the fine structure. Ears with normal hearing are most likely to have fine structure; however, fine structure has been observed in ears with hearing loss, particularly ears with mild to moderate sloping hearing loss where regions of better hearing are present at the 2f 1 -f 2 frequency (He and Schmiedt, 1996; Mauermann et al, 1999b; Konrad-Martin et al, 2002) . It is, therefore, possible that a hearing-impaired ear could be incorrectly identified as normal (a false-negative) if the response is recorded from a fine-structure peak.
There are limited data that address the speculation that clinical errors arise from DPOAE fine structure. Dhar and Shaffer (2004) and Shaffer and Dhar (2006) report that they failed to find a statistical correlation between DPOAE level and behavioral thresholds, even when attempting to reduce or eliminate the reflectionsource contribution. In both cases, these data were recorded for moderate-level stimuli and were collected in a small number of normal-hearing subjects. While these data cast doubt on the speculation that fine structure (due to the reflection-source contribution) limits DPOAE accuracy, they do not directly address the question of whether the interaction of distortion and reflection sources limits DPOAE test performance. In order to address that question, data must be collected in a large number of subjects with both normal hearing and hearing loss.
In a previous study (Johnson et al, 2007) , we more directly evaluated the hypothesis that the reflectionsource contribution to DPOAEs and the resulting fine structure affect the accuracy with which DPOAEs identify hearing loss (defined as behavioral threshold .20 dB HL re: American National Standards Institute [ANSI], 1996) . In order to evaluate changes in test performance, we used a set of suppressor tones (tones presented 16 Hz below the 2f 1 -f 2 frequency that are presented at the same time as the primary stimuli) that previously had been shown to be effective at reducing the reflection-source contribution (Johnson et al, 2006b) . We compared test performance for conditions where suppressors were used to eliminate the reflection source to a control condition where no suppressor was used. DPOAE data for these various conditions were recorded in a group of 98 ears with normal hearing and 107 ears with hearing loss. In this group of subjects, the presence of a suppressor did not improve DPOAE test performance, and for many conditions the use of a suppressor resulted in poorer test performance. These data suggest that the reflection source and DPOAE fine structure do not limit test accuracy. However, when we explored test performance for a small subset of ears drawn from the larger group (16 ears with normal hearing, 13 ears with hearing loss), an improvement in test accuracy was observed for some conditions when the reflection-source contribution was reduced as compared to the no-suppressor control condition. This subset of ears represented the normal ears with the smallest DPOAE levels (potential false-positive errors) and those hearing-impaired ears with the largest DPOAE levels (potential false-negative errors). These results in the small subset of subjects are in direct contrast to those observed in the larger group of subjects. While the sample size for the small subset of subjects was too small to draw statistical conclusions regarding the significance of the improved test performance, the conflicting results in the large and small groups suggest that the influence of the reflection source and DPOAE fine structure should be evaluated more fully.
It is possible that the predetermined suppressors we (Johnson et al, 2007) used to limit DPOAE fine structure were not effective at reducing only the reflection-source contribution. For example, the data we reported suggest that some suppressors had the undesirable effect of suppressing not only the reflectionsource contribution but also the distortion-source contribution and, therefore, reduced the overall level of the DPOAE. It is possible that other approaches might be more effective. Other possible approaches include a time-windowing approach (Stover et al, 1996; Kalluri and Shera, 2001; Knight and Kemp, 2001; KonradMartin et al, 2001; Mauermann and Kollmeier, 2004) , a frequency-smoothing approach (Johnson et al, 2007) , and a frequency-sweep approach (Long et al, 2004) . The suppression approach was used (Johnson et al, 2007) because the suppressor can be presented in conjunction with the stimuli used to elicit the DPOAE and, therefore, does not increase test time, a necessity for clinical implementations. The time-windowing and frequency-smoothing approaches are effective at eliminating the reflection source (Kalluri and Shera, 2001; Mauermann and Kollmeier, 2004; Johnson et al, 2007) but are too time consuming for clinical applications because they require that DPOAE responses be recorded for many closely spaced frequencies. The frequencysweep approach may be clinically feasible but has not been implemented beyond the laboratory settings of Long and colleagues.
In summary, there has been much speculation but relatively few data testing the hypothesis that DPOAE test performance is limited by the multiple cochlear sources contributing to the response. The existing data regarding the influence of the reflection source and fine structure on DPOAE test performance are incomplete and, in some cases, contradictory. Additional data are needed to more fully understand the role of cochlear source contributions in errors made in clinical applications of DPOAEs and to determine if alternative clinical approaches to limiting fine structure should be developed.
EXPLORING THE INFLUENCE OF STIMULUS PARAMETERS ON DPOAE FINE STRUCTURE
A s described above, DPOAEs are recorded in response to pairs of tones (primaries) with different frequencies. In most applications, the level of f 1 (L 1 ) typically is $L 2 , although there are a number of approaches to choosing the frequency and level relationships between the primary stimuli. Several previous investigations have evaluated the relationship between stimulus parameters and the relative contributions from the distortion and reflection sources. In this previous work, changing the frequency ratios and/or level differences among the primary stimuli influenced the relative contributions from the distortionand reflection-source mechanisms (e.g., Kemp, 2000, 2001; Konrad-Martin et al, 2001; Mauermann and Kollmeier, 2004; Dhar et al, 2005) . These previous studies did not directly evaluate how cochlear source contribution and DPOAE fine structure change across the most common approaches to setting stimulus parameters, including those used in most clinical applications.
In most clinical applications of DPOAEs, the frequency ratio (f 2 /f 1 ) is fixed at approximately 1.22 (Harris et al, 1989; Gaskill and Brown, 1990; Brown et al, 1994) , and the level difference (L 1 -L 2 ) is set at 10 dB (Gorga et al, 1993; Gorga et al, 1997) . We will refer to these conditions as the traditional stimulus parameters. Another common approach to setting stimulus parameters is to use the L 1 , L 2 relationship described by Kummer and colleagues (1998) where the L 1 , L 2 relationship varies across L 2 according to the relation L 1 5 0.4L 2 1 39 and the f 2 /f 1 is fixed at 1.22. We will refer to these as the Kummer parameters. In our investigation of the influence of the reflection source on DPOAE test performance (Johnson et al, 2007) , we used stimulus parameters described in Johnson and colleagues (2006a) where both the L 1 , L 2 relationship and the f 2 /f 1 ratio varied across both f 2 and L 2 according to the following: (Johnson et al, 2010) suggest that the Johnson parameters do not produce larger response levels at 4 and 5.6 kHz. It is not clear what influence, if any, these different stimulus parameters have on the relative contributions from the distortion and reflection sources and the resulting fine structure. Preliminary data exploring the extent to which the fine-structure depth varies across different approaches to setting DPOAE stimulus parameters are shown in Figure 2 . These data were collected in a group of 10 subjects (age range 19-25 yr) with normal hearing (puretone thresholds #15 dB HL re: ANSI, 1996, from 0.25 to 8 kHz) and normal middle ear function (i.e., normal 226 Hz tympanograms). Data were collected using custom software (EMAV [Neely and Liu, 1993] ), a probe microphone system (ER10C, Etymotic Research), and a 24-bit sound card (CardDeluxe, Digital Audio Laboratories) housed in a PC.
In Figure 2 , DPOAE data were collected by varying f 2 in 1/64-octave steps over 1/3-octave intervals surrounding two f 2 frequencies, 2 and 4 kHz, shown in the upper and lower panels, respectively. For the data plotted in Figure 2 , f 2 /f 1 was fixed either at 1.22, in the case of the traditional and the Kummer parameters, or at the f 2 /f 1 specified by Eq. 2 for the Johnson parameters. Here, mean fine-structure depth (61 SE) is plotted as a function of stimulus condition for 2 L 2 's, 30 and 55 dB SPL, using two different measures of fine-structure depth. In the left column, fine-structure depth is characterized as the difference (in decibels) between DPOAE level at a fine-structure peak and DPOAE level for an adjacent valley, for the peak and valley combination where this difference is the largest. This measure of fine-structure depth is labeled the peak-to-valley ratio (PVR). In the right column, fine structure is characterized as the standard deviation of DPOAE level within the 1/3-octave interval. As a reference, for the data shown in Figure 1 , when f 2 5 2 kHz the PVR was 22.1 and 19.3 dB for L 2 5 30 and 55 dB SPL, respectively, and the standard deviations were 6.5 and 4.3 dB for the same L 2 's. At 4 kHz, the PVR was 17.5 dB and the standard deviation was 4.9 dB for L 2 5 30 dB SPL, and the PVR and standard deviation were 4.4 and 1.6 dB, respectively, when L 2 5 55 dB SPL. Characterizing the fine-structure depth as the standard deviation in DPOAE level results in smaller values than those observed when computing the difference between the largest peak and valley but has the advantage of characterizing the fluctuations in level over the entire 1/3-octave interval.
As can be seen in Figure 2 , for L 2 5 30 dB SPL, the traditional stimulus parameters tended to produce the largest fine-structure depth, while the Kummer and Johnson parameters resulted in similar depths. As expected, the fine-structure depth was reduced for all stimulus conditions when L 2 5 55 dB SPL. Additionally, at the higher L 2 , the differences in fine-structure depth across stimulus condition were smaller, with all three approaches producing similar fine-structure depths. These same patterns were observed for both approaches to characterizing fine structure, PVR and standard deviation. While the sample size in Figure 2 is small (N 5 10), these data suggest that, at the stimulus levels used in most screening applications (L 2 5 55 dB SPL), some fine structure is present in the response but that the fine-structure depth is similar across several approaches to setting the stimulus parameters. These preliminary data suggest that manipulating stimulus parameters does not result in a universal increase or decrease in fine structure for all subjects and that changing stimulus parameters alone cannot eliminate fine structure. We are currently collecting data in a larger group of subjects across a Figure 2 . Depth of distortion product otoacoustic emission (DPOAE) fine structure in the 1/3-octave intervals surrounding 2 kHz (upper row) and 4 kHz (lower row) for two approaches to characterizing fine-structure depth. In the left column, fine-structure depth is defined as the difference in decibels between the DPOAE level at a fine-structure peak and the DPOAE level in the adjacent valley. This difference is labeled the peak-to-valley ratio (PVR) on the figure. In the right column, fine-structure depth is represented as the standard deviation in DPOAE level within the interval. Both the PVR and the standard deviation values are plotted as a function of stimulus condition for two L 2 's. Symbols represent the mean values 61 SE. See text for a description of the stimulus parameters associated with each stimulus condition. broader range of f 2 's in order to determine if the trends plotted in Figure 2 apply more generally.
OTHER APPROACHES TO RECORDING SINGLE-SOURCE OAEs
A s described above, two cochlear sources contribute to DPOAEs. At low to moderate levels below approximately 70 dB SPL, SFOAEs are believed to be generated by the coherent-reflection mechanism (Shera and Guinan, 1999; Talmadge et al, 2000; Goodman et al, 2003; Shera, 2004; Schairer et al, 2006) and, therefore, include contributions from a single cochlear source, the reflection source. If errors in DPOAE responses are due, in part, to contributions from multiple cochlear sources residing at different locations along the basilar membrane, it is possible that SFOAEs may be more accurate predictors of auditory status. Additionally, because of differences in the ways in which SFOAEs and DPOAEs are measured, it is possible that SFOAEs may more accurately predict auditory status at low frequencies. In particular, when recording DPOAEs, the response is measured at a frequency approximately half an octave lower than the frequency of the primary tones used to elicit the response. This can be problematic when recording DPOAEs at low frequencies because noise level increases rapidly at low frequencies, making it difficult to separate the response from the noise. Indeed, DPOAEs are most accurate at identifying auditory status between 2 and 4 kHz, performing more poorly for lower frequencies, with essentially chance performance at 500 Hz (Gorga et al, 1993; Gorga et al, 1997) . In contrast, SFOAEs are recorded at the same frequency as the frequency of the eliciting tone, which has the potential for minimizing the negative impact of noise at low frequencies.
SFOAEs have been widely used as noninvasive probes of cochlear function in humans (e.g., Brass and Kemp, 1993; Konrad-Martin and Keefe, 2003; Lineton and Lutman, 2003; Schairer et al, 2003; Shera and Guinan, 2003; Schairer and Keefe, 2005; Schairer et al, 2006; Shera, 2007a, 2007b; Keefe et al, 2008; Lineton and Wildgoose, 2009 ). SFOAEs are not currently used in clinical applications of OAEs. There may be several reasons for this. These may include the fact that the capability for recording SFOAEs is not widely available in clinical OAE software and hardware. Perhaps more important, there have been few reports regarding the accuracy with which SFOAEs make predictions regarding the presence or absence of hearing loss.
One study has been published that describes the test performance of SFOAEs when used to identify ears as either normal hearing or hearing impaired (Ellison and Keefe, 2005) . Ellison and Keefe recorded SFOAEs in 22 subjects with normal hearing and 63 subjects with sensorineural hearing loss. They computed the area under the relative operating characteristic curve (A ROC ), which is an estimate of test performance. A ROC values can range from 1.0, which indicates perfect performance, to 0.5, which indicates chance performance. Ellison and Keefe reported A ROC values that ranged from 0.84 to 0.93 for the octave frequencies from 0.5 to 4 kHz. When compared to previously published data describing test performance for DPOAEs (i.e., Gorga et al, 1993; Gorga et al, 1997) , SFOAEs were more accurate at 0.5 and 1 kHz, were equivalent at 2 kHz, and were poorer at 4 kHz. These data are encouraging, particularly for low frequencies, but they do not necessarily describe how SFOAEs may perform under clinical test Figure 3 . Spectrum of the amplitude-modulated stimulus frequency otoacoustic emission (SFOAE) response recorded in an acoustic cavity (top panel), a deaf ear (middle panel), and a normal-hearing ear (bottom panel). In each case, the probe frequency (f p ) is 2 kHz and the suppressor frequency (f s ) is 1.92 kHz. Note that, because the frequency axis does not extend below 1.99 kHz, f s is not shown. The suppressor is amplitude modulated at a rate of 6 Hz, producing sidebands 66 Hz re: f p in the normal ear but not in the deaf ear or in the acoustic cavity. The combined level in these sidebands represents the SFOAE. In both the deaf ear and the normal ear (but not in the acoustic cavity), spectral components are present at approximately 61.25 Hz re: f p . These components likely represent physiological noise sources (such as the heartbeat). Reprinted with permission from Neely and colleagues (2005) ; copyright 2005, American Institute of Physics.
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conditions. Ellison and Keefe essentially explored the stimulus parametric space for each individual subject using multiple combinations of suppressor levels and suppressor frequencies to determine the combination that produced the largest SFOAE in each ear. This required several hours of data collection, spread over several days, which is unfeasible under clinical conditions. It is difficult to know if the large A ROC values reported by Ellison and Keefe would generalize to testing conditions where stimulus parameters are chosen in advance and are not optimized for each individual subject.
Because SFOAEs are recorded at the same frequency as the probe tone used to elicit the response, it is difficult to directly measure the response. One approach is to compare the response recorded when the probe tone is presented alone to the response recorded when the probe tone is presented in combination with a second tone. The second tone typically is equal to or higher in level than the probe tone and has a frequency close to the probe frequency. The rationale for using the second tone is that it will suppress the SFOAE response to the probe tone through the two-tone suppression mechanism. When using this suppression approach to record the SFOAE, the level of the SFOAE when the probe and suppressor tones are presented simultaneously is presumed to be minimal (see Kalluri and Shera, 2007a) . The difference in the response recorded with and without the additional suppressor tone then provides an estimate of the SFOAE level. The extent to which the SFOAE level is reduced by the presence of the suppressor may vary with the frequency and level characteristics of the suppressor relative to the probe tone. For example, Lineton and Wildgoose (2009) reported that, when the probe and suppressor tones were equal in level, a suppressor higher in frequency than the probe tone produced more complete suppression of the SFOAE than a suppressor lower in frequency.
Neely and colleagues (2005) describe a variation on the suppression approach to recording SFOAEs in which a sinusoidally amplitude-modulated (AM) suppressor is presented in conjunction with the probe. The AM suppressor affects the SFOAE level, in much the same way as a nonmodulated suppressor. Because the suppressor level is modulated, the SFOAE alternates between suppression and no suppression. In other words, the AM suppressor produces amplitude modulation in the SFOAE level. As a result, the SFOAE response can be evaluated using spectral methods in contrast to the vector-subtraction methods necessary to extract the response when a nonmodulated suppressor is used. A potential advantage of using spectral methods is that it allows contributions from noncochlear, physiological noise sources to be excluded.
An example of the spectral representation of an AM-SFOAE is shown in Figure 3 . The data were previously reported by Neely and colleagues (2005) . In Figure 3 , the spectral level of various components is plotted as a function of frequency. The three panels represent the responses recorded in an acoustic cavity (upper Journal of the American Academy of Audiology/Volume 21, Number 3, 2010 panel), a deaf ear (middle panel), and a normal-hearing ear (bottom panel). The data plotted in Figure 3 were obtained using a probe frequency (f p ) of 2 kHz and a suppressor frequency (f s ) of 1.92 kHz. The suppressor was modulated at a rate of 6 Hz. In the acoustic cavity (upper panel), energy is present at f p (2 kHz) but no other components emerge from the background of noise. This provides evidence that there is no interaction between the probe and suppressor in the measurement system. It should be noted that the energy at f s is not visible in any panel in Figure 3 because the frequency axis does not extend below 1.99 kHz. In the deaf ear (middle panel), spectral components are present at f p and at intervals spaced at approximately 61.25 re: f p that may be due to energy arising from a heart beating at a rate of 75 beats/min. In the deaf ear, there is no energy at f p 6 6 Hz, suggesting that the suppressor produced no modulation of the SFOAE (the expected result in an ear with a nonfunctioning cochlea). Contrast the cavity and deaf ear results with the results for a normal-hearing ear (bottom panel). In the normal-hearing ear, spectral peaks are evident at f s and in the vicinity of f p 6 1.25 Hz that may be due to heartbeat modulation. Additional components are also present at f p 6 6 Hz (at 1.994 and 2.006 kHz). The components represent the interaction between the suppressor and the probe in the cochlea that was not evident in either the acoustic cavity or the deaf ear. The level of the combined energy from these sidebands represents the AM-SFOAE response.
The data reported by Neely and colleagues (2005) demonstrate the feasibility of the AM-SFOAE technique. The optimum frequency and level relationships between the suppressor and probe tones when recording an AM-SFOAE are not known, and, more generally, there are no generally accepted stimulus parameters for recording SFOAEs regardless of the recording approach. Before the clinical applications for SFOAEs can be fully explored, it is necessary to identify a set of stimulus parameters that can be expected to produce robust SFOAEs in normal-hearing ears. Work is currently under way in our laboratory to determine the optimal stimuli for recording SFOAEs using the AM-SFOAE technique.
Examples of preliminary data demonstrating the effect of stimulus parameters on SFOAE level (L sf ) are shown in Figures 4 and 5. These data were collected using the same hardware and software as were used to collect the preliminary DPOAE data shown in Figures 1  and 2 . When recording AM-SFOAEs using this software, the response is alternately stored in 0.25 sec samples in one of two buffers. The responses in the two buffers are summed to provide estimates of L sf in the two sidebands and are subtracted to provide an estimate of the noise level at the same frequencies. In Figure 4 , L sf for two subjects is plotted as a function of probe level (L p ). Here, f p 5 2 kHz, and the suppressorto-probe frequency ratio (f s /f p ) 5 0.92. Data shown in the left column are for subject S01, with data for the second subject (S02) shown in the right column. The rows represent different suppressor-and probe-level relationships. In the top row, the suppressor level (L s ) 5 L p , while L s 5 L p 1 20 dB in the bottom row. Within each panel the SFOAE level is plotted as a solid line and the associated noise floor is plotted as a dashed line. For both subjects, larger SFOAEs were obtained with the higher suppressor level (bottom row), with a maximum SFOAE level of approximately 0 dB SPL observed for both subjects at L p 5 60 dB SPL. Additionally, although the SFOAEs are less than 0 dB SPL for all L p , good signal-to-noise ratios were observed across a range of L p since the noise floor hovered around -30 dB SPL or less for both subjects.
Data showing the influence of a broader range of stimulus conditions in one ear are shown in Figure 5 . In this figure, f p 5 2 kHz and data are plotted for two f s /f p 's (0.80 and 1.04, left and right columns, respectively), with L s increasing from top to bottom in the figure. Within each panel, SFOAE level (solid line) and associated noise (dashed line) are plotted as a function of L p . In general, the SFOAE emerges from the noise floor at lower probe and suppressor levels when f s /f p 5 1.04 as compared to f s /f p 5 0.80. Additionally, the SFOAE level is larger for higher suppressor levels for both f s /f p values. The observation that a larger SFOAE is recorded with higher suppressor levels is consistent with the idea that the higher suppressor levels were more effective at fully suppressing the SFOAE, thus allowing the complete SFOAE amplitude to be observed in the sidebands. The observation that suppressors higher in frequency than the probe (f s /f p 5 1.04) produce larger SFOAEs at lower suppressor levels than suppressors lower in frequency than the probe (f s /f p 5 0.80) is consistent with what might be predicted based on two-tone suppression data. Two-tone suppression contours suggest that suppressors just above the probe frequency will produce suppression at lower levels than suppressors lower in frequency than the probe (see Robles and Ruggero, 2001 , for a comprehensive review of mechanical two-tone suppression).
In summary, these data suggest that it may be possible to record SFOAEs with good signal-to-noise ratios in normal-hearing ears using the AM-SFOAE technique. The effect of manipulations in the suppressor and probe frequency and level relationships appears to be consistent with what would be predicted from two-tone suppression data. We currently are testing a larger group of subjects across a broader range of probe and suppressor conditions than is reported here. These data will allow us to identify stimulus parameters that can be used in future investigations with the AM-SFOAE technique.
FUTURE DIRECTIONS
T he data reported here describe some of the preliminary efforts in our laboratory to evaluate the relationship between current understandings of OAE generation mechanisms and the clinical applications of OAEs. While the data reported here do not address questions regarding the clinical test performance of either DPOAEs or SFOAEs, they are a first step before we can test questions regarding clinical applications of OAEs when cochlear source contribution is considered. As we understand more regarding how stimulus parameters affect DPOAE fine structure, we will be in a position to further evaluate how fine structure either does or does not affect test performance. Furthermore, once we have identified stimulus parameters producing robust AM-SFOAE responses, we will be able to explore the clinical applications of SFOAEs.
